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WITH FINITE LEADING-EDGE THICENESS

By John F. Klapproth

SUMMARY

By application of a hypsrbollc approximstion to the form of
the bow waves caused by blunt leading edges on an infinite cascede
of supersonic blades, the approximaste losses in relative total
pressure due to the external bow-wave system arising from blunt
edges and subsonic axial entrance velocitles were camputed. The
losses increase linearly with leading-edge radius for any glven
relative Mach number. For a relative Mach number of 1.60, leading-
edge redil may be approximately 1.5 percent of the normal blade
gap with a l-percent losa of relative total pressure.

INTRODUCTION

In an effort to minimize the pressure losses through super-
gsonlc.compressors, blade leeding edges have been designed with a
perfect wedge. On the basis of fabrication and durablility, however,
a knife edge is Ilmpractical; consequently, the leading edge must
be glven a finite thickness. The problem of estimating the losses
assoclated with a given leading-edge thickness la then encountered.

The presence of & blunt edge on blades with & subsonic axial
velocity causes the formation of a standing wave pattern, as 1llus-
trated in figure 1(a). A detached bow wave forms in front of each
blade, with normal shock losses occurring immedlately in front of
the blunt edge. The losses decrease along the bow wave as the dis-
tance from the nose increases until the wave approaches a Mach wave
and the loeses become negligible.
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An investigstion was conducted at the NACA Lewis laboratory
to eatimate the approximate losses Iincurred through this external
wave pattern in order to determine the practical thickness thet
may be used at the leeding edge. The losses due to the contalned
wave pattern (inside the blade passage) may be computed from shock
relations for oblique and normal shock, and are determined by the
blade design and the properties of the flow upstream of the cascade.

SYMBOLS

The following symbola are used in this report:
b number of blades
Mt reletive Mach number
P! relative total pressure
r radiuvs
8 normal distance between blades, (2rr cos B')/b
x coordinate measured along relative free-stream direction

xo distance from foremoast point of detached Bhock to intercept
of 1ts asymbtote on x~axis

¥y coordinate measured perpendicular to rela.tive free-atream
direction

B angle between relative flow directior_x and axis of rotation
¥ ratic of specific heats

¢ angle between shock and free-stream direction

Subscripts:

0 far upstream of rotor

1 immediately before shock

2 immediately behind shock

3 entrance to rotor passage

ILE 1leading edge
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8B point on leading edge where blade contour is Inclined at wedge
angle corresponding to shock detachment

ANALY3IS

The losses that occur because of the bow-wave system can be
expressed in terms-of the relative total pressure far upstream of
the bledes P’y and the relative total pressure IP'-5 at the

entrance into the rotor passage.

The relative-total-preasure loss of the alr entering each
pasgage can be consldered equal to the total loss along one shock
wave, integrated from the blade to infinity, which 1s illustrated
by figure 1(a). The flow entering the passage O-c 1is seen to
pass through the shock wave caused by the blade at 0 Detwesn the
points 1 and 2. The flow passes through the shock wave from the
precéding blede between 2' and 3'; this reglon is seen to de
identical with the region 2-3 of the shock from 0. Similarly,
3"=4" 1 identlical with 3-4, and so forth.

Because the mass flow entering each passage suffers losses
1dentical to the loss along one shock wave from the leading edge
to Infinity, the average relative-‘botal-pressure loss can be
expressed as

P jwl’;'z'd’
(‘1?)'0( 1) (1)

L ay
The coordinate y ia taken perpendicular to the mean relative

veloclty at the entrance.

The total-pressure recovery across the shock wave at any point
1s (reference 1)

= [k i'L7
1=y ¢ 2 2 -
Br (7y-1) M sin®® +2
2 27 2 =1 1
Fr - (o2 M1y sin® - %ﬂ (2)

L(7+l) My s1n? P
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The evaluation of equation (1) can be simplified if the change
in relative total pressure due to the bow-wave system is small
through the region 2'-3' and the preceding waveas (fig. 1l(a)).
The relative Mach number before the shock may then be assumed con=
stant, and the problem ies reduced to that of a single blunt body
in a uniform supersonic stream (fig. 1(b)). The x direction 1is
parallel to the entrance region of the blade. The integration of
equation (1) then requires only a relation between the shock
angle ¥ and the coordinate Y. (When the blade is considered as
an isolated symmetriocal body, the flow is at a slight angle of
attack, equal to half the included wedge angle of the blade.)

By approximating the bow wave with a hyperbola asymtotic to
the Mach lines (referemce 2), Moeckel obtained good correlation
between observed and computed shock forms. By application of this

hyperbolic approximation to £ind the shock looation and inclination,

the approximate shock losses due to the bow waves may be determined
from equations (1) and (2).

By following the notation of reference 2, which uses as a
reference dimension the y-coordinate of the scnic point on the
body I35 (defined as the point on the body vhere the contour is

inclined at the wedge angle corresponding to shock detachment),
the form of the wave is expressed as

& ) - (2 ®

where x/ySB is meagured along the free-stream direction and
xo/yS‘.B is a constant that locates the hyperbola with respect to

the leading edge and is a function only of the free-stream Mach
nusber. The values of Xo/Ygp &8 & function of M'; are glven

in reference 2. Differentiation of eguation (3) gives _the slope
of the shock as & function of y/ygg. Then

2 .
? = arc m‘/ %) * (“'12-1)(5@ | (4)
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The loss in relative total pressure is determined by substl-
tution of equations (2) and (4) in equation (1). Integrating the
denominator of equation (1) in terms of the reference dimension
glves the following relatlon:

P's Y3 P'a
(l - -P—,a> = WLQ - F—J—:) d&%g) (5)

Inasmuch a8 the value of the integral 1s a functlon only of the
relative Mach number, the losses increase linearly with ygg for any
glven relative Mach number. Because an analytical Integration was
inconvenient, & numerical integration was made. The results are shown
in figure 2 for relative Mach numbers of 1.40, 1.60, 1.80, and 2.00.

As a findl simplification, the coordinate ygg was considered

the leading-edge redius. For & relative Mach number of 1.60, the
coordinate ygp 1is about 3 percent less then the leading-edge
redius. Iigure 2 can then be considered a plot of relative-~total-
pressure loss against the ratlo of the leading-edge radius to the
normal distance between blades at the entrance. At a relatlve
Mach number of 1.60, the leading-edge radius may be approximately
1.5 percent of the normal hlade gap with a l-percent loss of rela-
tive total pressure. For the supersoaic rotor investigated in
reference 3, the blades could have & leading-edge radius of

0.007 inch or a thickness of 0.014 inch with a loss of about

1 percent, or a 0.030-inch thickness with an approximate Z2-percent
loss in relative total pressure because of the external bow-wave
system.

CONCLUDING REMARES

The approximete relatlive-total-pressure loss due to the
external bow-wave system caused by blunt edges of an infinite cas-
cede of supersonic blades, was computed. The losses for any glven
relative Mach number increase linearly with the leading-edge radlus.
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For a relative Mach number of 1.60, the leadlng-edge radius may
be approximetely 1.5 percent of the normal blade gap for a
l-percent loss of relative fotal pressure.

Lewls Flight Propulsion Laboratory,
National Adviséry Committee for Aercnautics,
Cleveland, Ohio.
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Figure ), — Wave pattern caused by blunt leading edges on infinite cascade with
subsonic axjal velocities.

12763 Wd VOVN




) {2nrcosk)fb

SLE - O0=f-F - LEUNT-YOVN

! ——— e
| ]

Relative Mach
numbar,.' W' //

1.40 ’,z’/

L~ =
08
. /J | 1.004\7'
04 f-— ’,’// ] 1.80 T
T 2,00
02 #,x” ] _,«f::::jr;"f ]

[P T
== | %

0 .01 .02 .03 .04 Q5
1 - P'Z;'P'o

Flgura 2. - Re!at|ve totnl —pressure loss as functlon of ratlo of Tesding-edge radius to normal distance
" batween blades far varlous Magh numbers. :

Ml B
-
3

127163 WY YOVN




‘ i



